ABSTRACT: Rhodopsin is palmitylated at two cysteine residues in its carboxyl terminal region. We have looked at the effects of palmitylation on the molecular interactions formed by rhodopsin using single-molecule force spectroscopy and the function of rhodopsin using both in vitro and in vivo approaches. A knockin mouse model expressing palmitate-deficient rhodopsin was used for live animal in vivo studies and to obtain native tissue samples for in vitro assays. We specifically looked at the effects of palmitylation on the chromophorebinding pocket, interactions of rhodopsin with transducin, and molecular interactions stabilizing the receptor structure. The structure of rhodopsin is largely unperturbed by the absence of palmitate linkage. The binding pocket for the chromophore 11-cis-retinal is minimally altered as palmitate-deficient rhodopsin exhibited the same absorbance spectrum as wild-type rhodopsin. Similarly, the rate of release of all-trans-retinal after light activation was the same both in the presence and absence of palmitylation. Significant differences were observed in the rate of transducin activation by rhodopsin and in the force required to unfold the last stable structural segment in rhodopsin at its carboxyl terminal end. A 1.3-fold reduction in the rate of transducin activation by rhodopsin was observed in the absence of palmitylation. Single-molecule force spectroscopy revealed a 2.1-fold reduction in the normalized force required to unfold the carboxyl terminal end of rhodopsin. The absence of palmitylation in rhodopsin therefore destabilizes the molecular interactions formed in the carboxyl terminal end of the receptor, which appears to hinder the activation of transducin by light-activated rhodopsin. Many G protein-coupled receptors (GPCRs) 1 are palmitylated at cysteine residues in the carboxyl terminal region. It is unclear what the precise role of palmitylation is at both the structural and functional levels. This fatty acid linkage has been implicated in various facets of GPCR function including coupling to and activation of the heterotrimeric G protein, receptor phosphorylation, internalization and desensitization, and localization of the receptor (1, 2). Some receptors are dynamically palmitylated while others are constitutively palmitylated. There is no consensus among GPCRs on the role that palmitylation plays in receptor structure and function, which may reflect the different roles that this covalent modification plays in different systems.
Many G protein-coupled receptors (GPCRs) 1 are palmitylated at cysteine residues in the carboxyl terminal region. It is unclear what the precise role of palmitylation is at both the structural and functional levels. This fatty acid linkage has been implicated in various facets of GPCR function including coupling to and activation of the heterotrimeric G protein, receptor phosphorylation, internalization and desensitization, and localization of the receptor (1, 2) . Some receptors are dynamically palmitylated while others are constitutively palmitylated. There is no consensus among GPCRs on the role that palmitylation plays in receptor structure and function, which may reflect the different roles that this covalent modification plays in different systems.
Rhodopsin is a prototypical member of the GPCR family (3, 4) . Much is known about this receptor at both the structural and functional levels. However, the role of palmitylation in the light receptor is still unclear. Rhodopsin is palmitylated at cysteine residues in the carboxyl terminal region at positions 322 and 323 in the bovine sequence. Several studies have been conducted in rhodopsin to understand the effect of palmitylation on its structure and function. The effects of palmitylation have been studied by either chemically removing the fatty acid linkage by treatment with either DTT or hydroxylamine or by mutating † This work was supported in part by U.S. Public Health Service Grants EY018085, EY09339, GM079191, EY11373, EY004939, and EY12008 from the National Institutes of Health, Bethesda, MD. This work was also supported by the Deutsche Forschungsgemeinschaft 1 Abbreviations: AFM, atomic force microscope/microscopy; ERG, electroretinography; GPCR, G protein-coupled receptor; MII, metarhodopsin II; ROS, rod outer segment; SMFS, single-molecule force spectroscopy.
the cysteine residues that form the covalent fatty acid linkage and expressing the mutant receptor in a heterologous expression system (5) (6) (7) (8) (9) . Apparent palmitylation-related changes have been observed under certain conditions in some of these studies. For instance, the absence of palmitylation has been shown to affect transducin activation and rhodopsin regeneration, and cause small changes to structure and stability. Some of these effects, however, are not consistently observed among different studies, which points to the difficulties in teasing out the effects due to chemical treatment or expression in a heterologous system with those that are truly endogenous to the fatty acid linkage itself.
To circumvent secondary effects on receptor structure and function, a knockin mouse model was generated expressing palmitate-deficient rhodopsin that was mutated in cysteine residues at positions 322 and 323 (10) . Initial characterization of these mice suggested that rhodopsin becomes hyperphosphorylated upon light activation and that the shut-off of the system is enhanced. We have utilized this model system to further probe the effects of palmitylation on the structure and function of rhodopsin. This knockin mouse has allowed us to study palmitate-deficient rhodopsin collected from native retinal tissue. We have looked at the structural impact of palmitylation using single-molecule force spectroscopy (SMFS) to specifically monitor changes to molecular interactions formed within the receptor. At the functional level, we have looked at the effects of palmitylation on the chromophore and the binding-pocket environment of rhodopsin, interactions of light-activated rhodopsin with transducin, and rod photoreceptor physiology.
EXPERIMENTAL PROCEDURES
Isolation of Disk Membranes from Rod Outer Segments (ROS). All experimental procedures were conducted under dim red light. All centrifugation steps were performed at 4°C. ROS were purified from the retina of wild-type C57BL/6 mice or knockin mice expressing palmitate-deficient rhodopsin as described previously (11) . Generation of knockin mice expressing palmitate-deficient rhodopsin was described previously (10) . Mice were 6-8 weeks old and 12-15 mice were used for each preparation of purified ROS. Mice were dark adapted by maintaining them in darkness overnight.
Disk membranes were collected by osmotically bursting purified ROS. Purified ROS were resuspended in 1 mL of buffer A (2 mM Tris-HCl, pH 7.4) and incubated overnight at 4°C. The membrane suspension was centrifuged at 16100g for 5 min and the supernatant was discarded. The membrane pellet was washed twice with 1 mL of buffer A and three times with buffer B (2 mM Tris-HCl, 150 mM NaCl, 2 mM EDTA, pH 7.4). Each time, the membrane pellet was resuspended by homogenizing with a handheld pestle and centrifuged at 16100g for 5 min. The washed disk membranes were resuspended in buffer A and examined by SMFS or were resuspended in buffer C (67 mM potassium phosphate, 1 mM magnesium acetate, 0.1 mM EDTA, 18% sucrose, pH 7.0) and stored at -80°C. Membranes stored at -80°C were thawed and washed twice in buffer A prior to use. Concentration of rhodopsin in the disk membrane was determined by solubilizing an aliquot of isolated membranes in 20 mM Bis-Tris propane, 40 mM CHAPS (Anatrace, Inc., Maumee, OH), pH 7.5, and reading the absorbance at 500 nm on a Hewlett-Packard 8452A UV-visible spectrophotometer. A molar extinction coefficient of 40600 M -1 cm -1 (12) was used to compute the rhodopsin concentration.
Purification of Rhodopsin from Mouse Eyes. Eyes from three dark-adapted mice (6-8 weeks old) were used for each purification. Eyes were homogenized in 3 mL of buffer D (10 mM Bis-Tris propane, 150 mM NaCl, pH 7.5) using a hand-held glass homogenizer. The homogenate was centrifuged at 125000g for 5 min. The pellet was resuspended in buffer E (10 mM Bis-Tris propane, 500 mM NaCl, 20 mM n-dodecyl-β-D-maltoside (Anatrace, Inc., Maumee, OH), pH 7.5) and shaken at room temperature for 15 min. The suspension was then centrifuged at 125000g for 20 min. The supernatant was loaded on a 4.5 Â 29 mm column of anti-1D4 antibody coupled to CNBr-activated Sepharose 4B preequilibrated with buffer F (10 mM Bis-Tris propane, 500 mM NaCl, 2 mM n-dodecyl-β-D-maltoside, pH 7.5). Anti-1D4 antibody recognizes the carboxyl terminus of bovine rhodopsin (13) . The column was washed with 10 mL of buffer F. Purified rhodopsin was obtained by eluting the column with buffer F supplemented with 800 μM of 1D4 peptide (TETSQVAPA) synthesized by United Biochemical Research, Inc. (Seattle, WA). The absorbance spectrum of purified rhodopsin was obtained using a Hewlett-Packard 8452A UV-visible spectrophotometer. The concentration of rhodopsin was calculated by measuring the absorbance at 500 nm and using a molar extinction coefficient of 40600 M -1 cm -1 (12) . Single-Molecule Force Spectroscopy (SMFS). SMFS was performed on ROS disk membranes isolated from mice as described previously for bovine samples (14, 15) . Disk membranes were adsorbed on freshly cleaved mica and SMFS was conducted using NPS Si 3 N 4 cantilevers (nominal spring constant 0.06 N/m; Veeco Metrology, Santa Barbara, CA). Spring constants of the cantilevers were determined in buffer solution using a Picoforce atomic force microscope (Veeco Metrology). Forcedistance curves were obtained using a Multimode atomic force microscope (Veeco Metrology). All SMFS experiments were performed at room temperature (≈21°C) in SMFS assay buffer (150 mM KCl, 25 mM MgCl 2 , 20 mM Tris, pH 7.8). Forcedistance curves were analyzed using criteria established previously (15) . Force peaks were analyzed using the worm-like chain model assuming a persistence length of 0.4 nm (16) . The number of amino acid residues stretched above the membrane surface was estimated from the contour length obtained from worm-like chain model fits and assuming an amino acid residue length of 0.36 nm.
Metarhodopsin II (MII) Decay Assay. Assays were conducted using 10 nM of purified rhodopsin in 20 mM Bis-Tris propane, 120 mM NaCl, 2 mM n-dodecyl-β-D-maltoside, pH 6.0. Rhodopsin was bleached for 15 s using a Fiber-Lite illuminator and a 480-520 nm band-pass filter. Intrinsic tryptophan fluorescence was then immediately monitored on a Perkin-Elmer LS55 fluorescence spectrometer using an excitation wavelength of 295 nm (2.5 nm slit) and an emission wavelength of 330 nm (5 nm slit). The temperature of the cuvette was maintained at 20°C with a circulating water bath. The increase in tryptophan fluorescence is correlated with the release of all-trans-retinal from the binding pocket in rhodopsin (17) . Fluorescence data was analyzed on Sigma-Plot (Systat Software, Inc., San Jose, CA) by nonlinear regression fitting to an equation describing first-order reaction kinetics to obtain the time constant τ. Statistical significance between data was assessed by a two-tailed student's t-Test.
Transducin Activation Assay -Native Disk Membranes. Transducin was purified from fresh bovine ROS as described previously (18) . Transducin concentration was determined by Bradford assay (Bio-Rad, Hercules, CA). Purified transducin and rhodopsin in disk membranes were mixed at a concentration of 250 nM and 30 nM, respectively, in buffer G (20 mM Bis-Tris propane, 120 mM NaCl, 6 mM MgCl 2 , pH 6.0). Samples were bleached for 15 s with a Fiber-Lite illuminator and a 480-520 nm band-pass filter and then incubated for 400 s with continuous low-speed stirring. The cuvette containing the sample was maintained at 20°C using a circulating water bath throughout the assay. Activation of transducin was initiated by the addition of GTPγS at a final concentration of 5 μM. Intrinsic tryptophan fluorescence was monitored on a Perkin-Elmer LS55 fluorescence spectrometer using an excitation wavelength of 300 nm (5 nm slit) and an emission wavelength of 345 nm (8 nm slit). Increased tryptophan fluorescence has been shown to correlate with the guanyl nucleotide exchange that occurs in transducin upon its activation (19, 20) . Fluorescence data were analyzed on Sigma-Plot (Systat Software, Inc., San Jose, CA) by nonlinear regression fitting to an equation describing first-order reaction kinetics to obtain the rate constant k. Statistical significance between data was assessed by a two-tailed student's t-Test.
Transducin Activation Assay -COS Cell Membranes. Wild-type and Cys322Ser/Cys323Ser bovine rod opsin were transiently expressed in COS cells (21) . Membranes from transfected COS cells were isolated as described previously (22, 23) . The amount of opsin in the membrane preparations was determined by slot blot analysis using known amounts of bovine rhodopsin as a reference and probed with the anti-1D4 antibody (23) .
The ability of rhodopsin and opsin to activate transducin was determined using a radioactive filter-binding assay under pseudofirst-order conditions (22, 23) . The reaction mixture (50 μL final volume) contained 4 nM opsin, 2.5 μM transducin, 3.0 μM [ Electroretinography (ERG) and Retinoid Analysis. Single-flash ERG recordings on mice under scotopic and photopic conditions and recovery of dark adaptation assays were performed as described previously (24) . Extraction, derivatization, and separation on HPLC of retinoids from mouse eyes were performed as described previously (24) .
Molecular Dynamics Simulations. Minimizations and molecular dynamics simulations were performed using the program CHARMM (25) . A united-atom forcefield (CHARMM19 (26)) was used with an implicit membrane/water model IMM1 (27) . The latter is an extension of the EEF1 implicit water model to heterogeneous membrane/aqueous media (28) . In the IMM1 method the water/membrane system is achieved by changing solvation reference parameters along the line perpendicular to the membrane. There is an area 0.6 nm in thickness between water and membrane environments that allows for gradual changes in properties between them. At the hydrophobic border of this layer, 90% of the environment derives from the hydrophobic core. At the water border, 90% of the environment derives from bulk water properties. Since these properties change according to a sigmoidal function, there is no sharp change of properties. The implicit solvent method reduces the number of degrees of freedom that are necessary for the evaluation of energy and force, which allows for more efficient sampling of phase space than explicit solvent methods. Differences in the movement of Helix 8 in palmitylated and unpalmitylated rhodopsin are small. These small changes may be undetectable in rugged systems such as those that include explicit phospholipid molecules. The IMM1 method with immobile membrane area allows for the investigation of small differences both in internal parameters and in relation to the membrane border.
The structure of rhodopsin used in simulations was downloaded from Protein Data Bank (Protein Data Bank ID: 1U19) (29) . The initial placement of monomeric rhodopsin in the membrane interior and the membrane thickness (3.2 nm) were based on Orientations of Proteins in Membranes (OPM) database (30) . However, during minimization and initial stages of molecular dynamics (up to 5 ns) rhodopsin was moved perpendicular to the membrane by about 0.4 nm. Thus, productive molecular dynamics simulations started from newly formed equilibrium. To assess the influence of palmitates and to ensure statistical validity, 32 independent 30 ns simulations were performed: 16 simulations were conducted for palmitylated rhodopsin and 16 simulations were conducted for unpalmitylated rhodopsin. The temperature was set to 300 K and was controlled with Langevine thermostat (friction coefficient was set to 5 ps
). The bonds involving hydrogen atoms were constrained using the SHAKE algorithm, allowing an integration time step of 2 fs. The systems were heated to 300 K with 3 K rise every 5000 steps during 500 000 steps. After heating, the systems were allowed to equilibrate for 1 ns. We adopted the parametrization of retinal and palmitates described previously (31) (32) (33) (34) (35) , and we adjusted these parameters for IMM1. The solvation parameters for retinal and palmityl chains were set up according to similar atom types in IMM1.
RESULTS
Effect of Palmitylation on the Chromophore of Rhodopsin. Rhodopsin contains two palmitate groups that are linked to cysteine residues at positions 322 and 323. Knockin mice were generated previously that introduced point mutations resulting in the replacement of the wild-type cysteine residues to serine (position 322) or threonine (position 323) (10) . The mutation of cysteine residues resulted in rhodopsin molecules that lacked palmitate linkages. These knockin mice therefore provide an excellent model to study the effects of the palmitate linkage on the structure and function of rhodopsin in native tissue and without the need for chemical modification.
Knockin mice expressing palmitate-deficient rhodopsin generate rod outer segments with rhodopsin properly targeted to this location. Rhodopsin was purified from whole eye extracts obtained from wild-type and knockin mice. The pigment was purified on an affinity column packed with anti-1D4 antibody conjugated to Sepharose. The antibody specifically detects the last eight amino acid residues of bovine and mouse rhodopsin. The mobilities of wild-type and palmitate-deficient rhodopsin on SDS-PAGE were similar ( Figure 1A ). The absorbance spectrum for both types of rhodopsin exhibited a peak at about 500 nm ( Figure 1B ). The lack of palmitylation therefore does not affect the environment surrounding the conjugated chromophore.
Activation of rhodopsin by light results in the formation of the active MII state. The decay of rhodopsin from the MII state can be monitored by measuring the increase in tryptophan fluorescence that occurs when all-trans-retinal exits the binding pocket (17) . The decay of the MII state was measured for purified rhodopsin ( Figure 1C,D) . The rate of MII decay was similar for both wild-type and palmitate-deficient rhodopsin. Thus, the exit of chromophore from the binding pocket after activation is unaffected by the absence of the palmitate groups.
The complement of retinoids in the eye after exposing mice to light was determined by HPLC analysis. Rhodopsin is conjugated by a Schiff base linkage in transmembrane Helix 7 to the chromophore 11-cis-retinal, which acts as an inverse agonist locking the receptor in the inactive state (36) . Upon capture of a photon of light, 11-cis-retinal is photoisomerized to all-transretinal. This photoconversion initiates the activation of the receptor molecule. All-trans-retinal is subsequently released from the binding pocket of the receptor and enters into the retinoid cycle that leads to the regeneration of 11-cis-retinal (37) . Once released from rhodopsin, all-trans-retinal is cleared from the disk membrane and into the cytoplasm where it is enzymatically reduced. The conversion of 11-cis-retinal to all-trans-retinal and the clearance of all-trans-retinal were monitored in mice (Figure 2 ). Dark-adapted mice were exposed to lighting conditions that bleached about 60% of rhodopsin in the eye. Retinoids were extracted from the eyes of dark-adapted mice at different time points after illumination and were analyzed by HPLC to monitor the time course of retinoid flow. The lack of palmitylation does not affect the amount of 11-cis-retinal converted to all-trans-retinal nor does it affect the clearance of alltrans-retinal. Thus, the initial events of receptor activation are unaffected by the lack of palmitate linkage. Retinoids were extracted from eyes at the times after light exposure indicated and quantified by HPLC. Shown are the average levels ((SD) of all-trans-retinal (A) and 11-cis-retinal (B) in the eyes of mice collected at different time periods after light exposure. Extracts from three mice were used to calculate the average level of retinoids at each time point except the 30 min time point where six mice were used. Both male and female mice were used and were 6 weeks old.
Effect of Palmitylation on the Interaction with Tranducin. Rhodopsin contains an amphiphilic helix at its carboxyl terminal region that lies peripherally to the membrane. Helix 8 is important for the coupling and activation of the G protein transducin. The palmitate linkage is commonly thought to act as an anchor holding Helix 8 in place. We determined the ability of rhodopsin to activate transducin indirectly under in vivo conditions and directly under in vitro conditions.
The visual function of mice was tested by ERG. The ERG response to different intensities of light was measured under both scotopic and photopic conditions (Figure 3) . We quantified the amplitude of the resulting a-wave and b-wave, which are indicative of the electrical signal originating from the photoreceptor and secondary retinal neurons, including bipolar cells, respectively. There was no significant difference in ERG response between mice expressing wild-type rhodopsin with those expressing palmitate-deficient rhodopsin at the intensities of light tested. Thus, the lack of palmitylation in rhodopsin does not significantly affect its ability to produce the physiological response in the retina upon light activation. The normal ERG responses indicate that rhodopsin is able to couple to and activate transducin thereby initiating the phototransduction cascade.
The ability of mice to dark adapt after exposure to intense illumination was monitored by measuring the recovery in the amplitude of the a-wave resulting from single-flash ERG (Figure 4 ). Mice were illuminated with intense light that resulted in the bleaching of about 60% of rhodopsin in the eye. The mice were then placed in the dark and single-flash ERG responses were recorded every 5 min. The recovery of the a-wave amplitude was measured to determine the time course of dark adaptation. The ability of mice expressing palmitate-deficient rhodopsin was significantly attenuated compared to wild-type mice. While palmitylation does not affect significantly the ability of rhodopsin to activate and produce a maximal physiological response, it does affect the ability of the photoreceptors to dark-adapt and be primed for signaling again.
We looked directly at the interaction between rhodopsin and transducin under in vitro conditions. Retinas from mice were collected and rod outer segments were purified. Disk membranes were released from the outer segments by osmotic bursting and washed. Rhodopsin in disk membranes was examined for its ability to activate transducin. A fluorescence-based approach was used to monitor the guanyl nucleotide exchange in the alpha subunit in transducin that occurs upon its activation by rhodopsin. A small but significant difference was observed between the rates of transducin activation promoted by wild-type and palmitate-deficient rhodopsin. Palmitate-deficient rhodopsin was 1.34 times slower in activating transducin compared to wild-type rhodopsin ( Figure 5 ). Transducin activation rates were also determined by a radioactive filter binding assay using bovine opsin heterologously expressed in COS cells. Palmitate-deficient opsin was expressed in COS cells by mutating cysteine residues at position 322 and 323 to serine residues. Minimal transducin activation was detected in the dark with COS cell membranes containing opsin or rhodopsin (opsin reconstituted with 11-cisretinal) for both wild-type and unpalmitylated forms ( Figure 6 ). Light activation of rhodopsin resulted in transducin activation rates for the wild-type receptor that was 1.71 times faster than the unpalmitylated mutant. Thus, measurements made with both native and COS cell membranes indicate that the absence of palmitylation diminishes the ability of rhodopsin to activate transducin.
Changes in Molecular Interactions Caused by the Absence of Palmitylation in Rhodopsin. SMFS allows direct probing and structural assignment of molecular interactions that have been established in membrane proteins under near-native conditions (38) . Rhodopsin in the disks of bovine rod outer segments has been investigated previously by SMFS to reveal the molecular interactions that stabilize the light receptor (15) . SMFS has revealed that the structure of rhodopsin is organized into distinct structural segments that exhibit intrinsic stability to unfolding. The force required to unfold these regions indicates and photopic (B) conditions. Each point represents the average response from each eye of three mice ((SEM). Male mice that were 6 weeks of age were used. . Each time point represents the average a-wave recovery ((SD) measured in six (WT) or seven (Palm -/-) male mice 6 weeks of age.
the strength of the interactions that stabilize structural segments of the receptor. However, the composition of inter-and intramolecular interactions that contribute to the stability of individual structural segments remains unknown. We previously noted in initial characterizations of bovine rhodopsin that the stable structural segment formed by the carboxy terminal end might be costabilized by the anchoring of palmitates attached to cysteine residues at positions 322 and 323. Here, we tested this hypothesis by characterizing disk membranes obtained from mice expressing palmitate-deficient rhodopsin. SMFS was carried out on disk membrane samples obtained from the retina of wild-type and palmitate-deficient rhodopsin mice. Force-distance curves were recorded and analyzed using procedures previously established for bovine rhodopsin and other membrane proteins (15) .
Analyses of wild-type and palmitate-deficient rhodopsin from mice revealed force peaks in force-distance curves that assigned stable structural segments of the receptor. We focused our analysis on force peaks corresponding to structural segments previously assigned in bovine rhodopsin (15) . The location of those structural segments in the secondary structure of rhodopsin is shown in Figure 7A . Both wild-type and palmitate-deficient rhodopsin revealed these structural segments. The average force and detection frequency of each force peak that denoted a structural segment were determined for both types of rhodopsin ( Figure 8A,B) . The force required to unfold each structural segment is indicative of the stability in that region of the receptor.
Similar to bovine rhodopsin, the most stable structural segment in both wild-type and palmitate-deficient mouse rhodopsin was segment H3,H4,C2,E2 ( Figure 8A,B) . This structural segment was detected in every force-distance curve analyzed and required an average force of 157 pN and 169 pN to unfold in wild-type and palmitate-deficient rhodopsin, respectively. The difference in average unfolding force between the two types of rhodopsin studied for each structural segment analyzed is summarized in Figure 8C . All segments except for segment CT showed small differences ranging from -16 pN to 12 pN. Segment CT exhibited the largest difference in average unfolding force. Palmitate-deficient rhodopsin required 36 pN less force to unfold in this segment compared to wild-type rhodopsin. In contrast to differences in average unfolding force, more structural segments exhibited large differences in detection frequency between the two types of rhodopsin ( Figure 8D ). Once again, segment CT exhibited the largest difference in detection frequency with the detection of molecular interactions stabilizing this region being less frequent in palmitate-deficient rhodopsin by 21%. Segments N1 and H6.2 also had large differences in detection frequency between the two types of rhodopsin. Molecular interactions in N1 and H6.2 were detected 14% and 18% less frequently, respectively, in force curves for palmitate-deficient rhodopsin compared to wild-type rhodopsin.
The two structural segments in the immediate vicinity of the palmitylated cysteine residues are H8 and CT. The average force required to unfold segment H8 in wild-type and palmitatedeficient rhodopsin is 91 pN and 89 pN, respectively, and the frequency of detection in both types of rhodopsin was 56% and 60%, respectively. Thus, there was very little change in either average unfolding force or detection frequency between wildtype and palmitate-deficient rhodopsin, which indicates that the molecular interactions formed in this region are the same in both types of rhodopsin and that the palmitate linkage is unnecessary for the formation and stability of this helix. Both mouse rhodopsin forms exhibited a force peak corresponding to segment CT, which was previously thought to derive its stability, at least in part, by the anchoring into the membrane by covalently linked palmitate groups (15) . This segment Rates were determined for opsin, dark-adapted rhodopsin (+ 11-cisretinal -dark), and light-activated rhodopsin (+ 11-cis-retinallight). The average ((SEM) rates from data collected in triplicate are shown (n = 3). Activity was not corrected for basal transducin activation at this pH.
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Vol. 48, No. 20, 2009 Biochemistry, exhibited the largest difference between wild-type and palmitate-deficient rhodopsin in both average unfolding force (36 pN) and frequency of detection (21%) (Figure 8C,D) . The average force required to unfold this structural segment was 113 pN and 77 pN for wild-type and palmitate-deficient rhodopsin, respectively. Thus, the absence of palmitylation causes segment CT to become less stable and significantly changes the molecular interactions that stabilize this region.
The average unfolding force was multiplied by the detection frequency for each structural segment to compute the normalized force (39) . The normalized force factors in both average unfolding force and detection frequency, and therefore differences in normalized force will represent a more complete picture of the changes occurring in molecular interactions under different conditions. The difference in normalized force for each analyzed structural segment between the two types of rhodopsin was calculated ( Figure 8E ). The largest difference occurred in segment CT with palmitate-deficient rhodopsin exhibiting a decrease in normalized force by 41 pN. All other analyzed structural segments displayed smaller differences in normalized force indicating that the stability of rhodopsin is largely unchanged in the absence of palmitylation except for the region making up segment CT ( Figure 7B ).
DISCUSSION
Rhodopsin is naturally palmitylated on cysteine residues at positions 322 and 323 at its carboxyl terminal region. We have used a knockin mouse model expressing palmitate-deficient rhodopsin to investigate the effect of the palmitate groups on the structure and function of the light receptor. This mouse model has allowed us to obtain samples from native retinal tissue and avoid effects associated with chemical processing of samples. For instance, we have observed that treatment of disk membranes with 1 M hydroxylamine (e.g., ref 9) disrupts the membrane structure resulting in an inability to detect disk structures by AFM (data not shown). Thus, while hydroxylamine treatment may not affect the receptor molecule itself, it does have the potential to alter other properties such as membrane structure. These changes to the membrane may have led to the differences observed in the literature for the effects attributed to the palmitylation of rhodopsin such as differences measured in the level of regeneration of rhodopsin by 11-cis-retinal between rhodopsin mutated at Cys322 and Cys323 versus hydroxylamine-treated rhodopsin (8, 9) . In the current investigation, we characterized both the functional and structural effects of palmitylation on rhodopsin.
Chromophore-Binding Pocket of Rhodopsin Unchanged in the Absence of Palmitylation. The different regions in the structure of rhodopsin do not exist or function independently of each other, and therefore changes in molecular interactions in one region of the protein can potentially have effects on the molecular interactions in other regions (40) . This interdependency has been demonstrated in mutations in rhodopsin that cause instability and misfolding of the protein, which leads to retinitis pigmentosa, and in the stabilizing effects of zinc ions on the structure of the light receptor (14, 41, 42) , where changes in one region of the protein affect other areas of the protein far removed. Thus, we looked at whether a change occurring in the carboxyl terminal region of the protein would affect properties in the binding pocket of 11-cis-retinal, which is situated within the transmembrane helices closer to the extracellular surface of the receptor.
Characterization of palmitate-deficient rhodopsin obtained from knockin mice indicates that the absence of the fatty acid linkage does not significantly affect the properties or environment surrounding bound 11-cis-retinal. Purified rhodopsin from wild-type and palmitate-deficient rhodopsin mice exhibit identical absorbance spectra and rates of release of the chromophore upon light activation (Figure 1) . The levels of retinal as assessed by HPLC of extracts from eyes of mice are also similar (Figure 2) . At the level of structure, minimal changes in molecular interactions were observed in structural segments involved in the chromophore-binding pocket ( Figure 7B) . Thus, the lack of palmitate linkage does not affect the ability of rhodopsin to bind 11-cis-retinal or to release all-trans-retinal from the binding pocket after receptor activation. This lack of effect related to the chromophore is consistent with studies of palmitate-deficient rhodopsin heterologously expressed in COS cells, where palmitates were removed by mutating cysteine residues at positions 322 and 323 to serine residues. The absence of palmitate groups did not affect the ability of the mutant rhodopsin to bind chromophore or change the absorbance spectrum and extinction coefficient (8) . It is also consistent with observations made with other GPCRs that bind small molecule ligands within the transmembrane helices in a similar location as 11-cis-retinal in rhodopsin (43) (44) (45) (46) (47) (48) . The absence of palmitylation in these GPCRs did not significantly affect the affinity for ligands, even in cases where the absence of palmitylation affected activation of the G protein (43) (44) (45) (46) . Thus, palmitylation does not appear to significantly affect the environment surrounding the chromophore in rhodopsin or ligandbinding pocket in other GPCRs.
Effect of Palmitylation on the Structure of Rhodopsin Is Mainly Localized to the Carboxyl Terminal End. SMFS analysis revealed that molecular interactions stabilizing structural segments that are distal from the palmitate groups are largely unaffected ( Figures 7B and 8) . Thus, palmitylation does not appear to significantly affect the molecular interactions of rhodopsin as a whole. This is consistent with previous circular dichroism studies on rhodopsin that showed that the absence of FIGURE 8: Effect of palmitate groups on the molecular interactions of rhodopsin. ROS disk membranes were examined by SMFS to determine the effect of palmitate groups on the molecular interactions of rhodopsin. Force-distance traces were collected from samples prepared from mice expressing wild-type (WT) or palmitate-deficient (Palm -/-) rhodopsin. The number of force-distance traces analyzed for wild-type and palmitate-deficient rhodopsin was 113 and 171, respectively. Force peaks previously assigned in bovine rhodopsin were analyzed (15) ( Figure 7A palmitylation does not cause any gross structural changes in rhodopsin (6) . Segments H8 and CT are the two structural segments that are in the direct vicinity of the cysteine residues covalently linked to palmitate groups ( Figure 7A ). Since the effect of palmitylation appears to be localized to the immediate region where the fatty acid linkage occurs, the molecular interactions stabilizing these two regions would be the ones most likely affected. Segment H8 is upstream of the palmitate linkage and is entirely composed of Helix 8, which is an amphiphilic helix at the carboxyl terminal region of rhodopsin that lies peripherally to the membrane. Segment CT occurs immediately after the cysteine residues that are palmitylated.
Helix 8 can adopt its helical structure independently from the receptor but requires the presence of the lipid bilayer (49) (50) (51) (52) . Palmitylation in rhodopsin and other GPCRs is often thought to anchor the carboxyl terminal region to the lipid bilayer and allow Helix 8 to maintain interaction with the surface of the membrane (2). Segment H8 exhibited minimal difference between wild-type and palmitate-deficient rhodopsin in average unfolding force, detection frequency, and normalized force ( Figures 7B and 8) . The absence of change in this structural segment suggests that the molecular interactions stabilizing this region, including those present within the helical structure and those involved in interactions with the membrane, do not require palmitylation. Thus, in contrast to previous assumptions, the adoption of a helical structure and the maintenance of interaction with the membrane by Helix 8 appear to be independent of palmitylation.
The ability of Helix 8 to adopt its proper structure and maintain contact with the lipid bilayer in the absence of palmitylation is consistent with the fact that not all GPCRs are palmitylated such as the middle/long wavelength cone opsin, which is still predicted to form Helix 8 (53) . It is also consistent with a spin-labeling study investigating the mobility of the carboxyl terminal region of rhodopsin, which indicated that palmitylation is not the sole determinant in anchoring this region of the protein to the lipid bilayer (54) . Molecular dynamics simulations were conducted to test further these notions that contrast previously held views (Figure 9 ). Within the limitations of the simulation times, significant changes were absent in the position of transmembrane helices and in the structure of Helix 8 in the absence of palmitylation. In addition, Helix 8 maintained contact with the membrane throughout the simulations. Helix 8, however, was more mobile without palmitate anchorage and sampled a wider range of positions during the simulation period, which may contribute to the differences in the transducin activation rate discussed later.
We had previously attributed the detection of molecular interactions assigned to segment CT to the anchoring of the protein into the membrane by the palmitate groups in this region (15) . If the origin of stability is solely due to the anchoring of this structural region of the receptor to the membrane, then the absence of palmitylation in rhodopsin in our preparations should not exhibit a peak in force-distance curves corresponding to this region. Segment CT was detected in SMFS data from palmitatedeficient rhodopsin, which suggests that palmitylation is not the only determinant in stabilizing this region. In contrast to segment H8, segment CT exhibited the largest difference among structural segments in average unfolding force, detection frequency, and normalized force between the two types of rhodopsin tested ( Figures 7B and 8) . The average unfolding force and detection frequency were greatly reduced compared to wild-type rhodopsin, indicating the absence of palmitylation significantly alters the molecular interactions formed in this region, which results in destabilization. Thus, while palmitylation is not the sole determinant of stabilizing segment CT, its absence significantly destabilizes this region of the receptor.
Functional Consequences of the Destabilization of the Carboxyl Terminal End. The absence of palmitylation and destabilization of segment CT appears to have several functional consequences in rhodopsin. Both wild-type and palmitate-deficient rhodopsin can promote transducin activation under both in vivo and in vitro conditions (Figures 3, 5, and 6 ). Palmitatedeficient rhodopsin is 1.3-1.7-fold slower in activating transducin compared to wild-type rhodopsin in in vitro assays. Exposed regions on the cytoplasmic surface of rhodopsin can interact with transducin and affect its activity. Helix 8 plays an important role in the interaction of rhodopsin with and activation of transducin (7) . Molecular interactions stabilizing segment H8, which encompasses Helix 8, are largely unchanged in the absence of palmitylation and therefore likely do not contribute to the difference observed in transducin activation. Likewise, large changes are absent in structural segments that include the exposed cytoplasmic loops in rhodopsin, thereby suggesting that these regions also do not significantly contribute to the differences observed in in vitro transducin activation assays. Since the largest effect on the structure of rhodopsin occurs in segment CT, the less efficient transducin activity promoted by palmitatedeficient rhodopsin is likely a result of the destabilization that occurs in the carboxyl terminal end.
The effects observed in previous studies of rhodopsin palmitylation on the activity of transducin are different from those observed in the current study. Rod outer segment membranes treated with DTT to remove palmitate groups do not show significant changes in transducin activation rates (5) . In contrast to guanyl nucleotide exchange rates, the rate of light-induced GTPase activity of transducin was increased in palmitate-deficient rhodopsin from rod outer segment membranes treated with hydroxylamine (9) . This effect appears to be dependent on the nature of the preparation or presence of the membrane since light-induced GTPase activity of transducin was unaffected by the absence of palmitylation in purified preparations of depalmitylated receptor (8) . Purification and depalmitylation procedures can disrupt the native organization of rhodopsin and thereby prevent the detection of changes we have observed in native rod outer segment and COS cell membranes.
Although a small difference is observed in in vitro transducin activation assays, a significant change is not detectable in the physiological response of the rod photoreceptors in ERG recordings ( Figure 3) . Likewise, suction electrode recordings of single rod photoreceptor cells from the same knockin mice do not show significant differences in the rising phase and time to peak of the response (10) . Thus, the diminished transducin activation observed in vitro in the absence of palmitylation is not large enough to significantly affect the physiological response of the rod photoreceptor cells.
The absence of palmitylation in rhodopsin affects the recovery of photoreceptors after light stimulation. Monitoring the recovery of the a-wave after exposing mice to intense light that bleaches about 60% of rhodopsin showed that dark adaptation is delayed in mice expressing palmitate-deficient rhodopsin (Figure 4 ). This delayed recovery after strong bleaching in ERG recordings is consistent with single-cell suction recordings of rod photoreceptors that showed the recovery of the response to be incomplete at higher intensity flashes in the absence of palmitylation in rhodopsin (10) . The rate of clearance of all-trans-retinal from rhodopsin and the disk membranes is unchanged in mice expressing wild-type or palmitate-deficient rhodopsin (Figure 2) . The delayed dark adaptation in rod photoreceptors of mice expressing palmitate-deficient rhodopsin is therefore likely due to properties related to the rhodopsin molecule itself. Since the largest change in rhodopsin structure caused by the absence of palmitylation occurs as a destabilization of the carboxyl terminal end, the delayed dark adaptation after strong bleaching conditions may be related to the destabilization of this region.
In contrast to strong lighting conditions, dim flashes of light results in a faster recovery of the response in single-cell recordings of photoreceptors expressing palmitate-deficient rhodopsin (10) . This enhanced shut-off has been thought to be related to the increased level of receptor phosphorylation observed upon light stimulation in palmitate-deficient rhodopsin mice. Palmitylation and the level of phosphorylation appear to be correlated in GPCRs (1) . The mechanism leading to this increased phosphorylation is unclear. The residues in rhodopsin phosphorylated by rhodopsin kinase are present in segment CT. The destabilization in segment CT in the absence of palmitylation may release steric hindrance of rhodopsin kinase interactions thereby allowing rhodopsin to become hyperphosphorylated.
Concluding Remarks. The availability of knockin mice expressing palmitate-deficient rhodopsin has made it possible to conduct detailed structural and functional studies on the effect of palmitylation on rhodopsin activity and rod photoreceptor physiology. The absence of palmitylation does not significantly affect the molecular interactions within rhodopsin as a whole, but rather, is localized to molecular interactions at the carboxyl terminal end. The destabilization in the carboxyl terminal end observed in the absence of palmitylation appears to affect the interactions with transducin and play a role in altered dark adaptation. The inefficient transducin activation caused by the absence of palmitylation does not result in any detectable difference in the physiological response of rod photoreceptor cells and the effects on dark adaptation observed in the absence of rhodopsin palmitylation likely will not be critical for humans under normal conditions. While the absence of palmitylation in rhodopsin alone may not critically affect human vision under normal conditions, it may have more drastic consequences under prolonged extreme lighting conditions or under conditions where there are alterations or mutations in other molecules or proteins involved in phototransduction or the retinoid cycle.
